Introduction {#sec1-1}
============

Hepatic encephalopathy is a common complication of chronic liver disease, and is associated with a poor prognosis. It manifests clinically as a spectrum of neuropsychiatric disturbances encompassing cognitive, intellectual, motor, and psychomotor functions, from subtle changes in personality or sleep-wake cycle to major disturbances in cognitive function, motor activity and coordination (Ferenci et al., 2002; Gorg et al., 2010). Hepatic encephalopathy is least severe in its early stages, with few recognizable clinical symptoms other than mild cognitive and psychomotor deficits. Nevertheless, early hepatic encephalopathy impairs a patient\'s ability to perform certain tasks, such as driving, and reduces their quality of life, in addition to predisposing to full hepatic encephalopathy and reducing the patient\'s lifespan, making early hepatic encephalopathy a serious health, social and economic burden. Early diagnosis and treatment initiation would improve patients' quality of life and prevent the progression of neurological impairments (Felipo, 2013).

Blood levels of ammonia are often elevated in patients with hepatic encephalopathy, so current therapies are based on lowering ammonia. Non-absorbable disaccharides are the first-line drug treatment for lowering the production and absorption of ammonia (Riordan and Williams, 1997; Blei and Cordoba, 2001). Lactulose, a synthetic disaccharide, is the most commonly used non-absorbable disaccharide in the treatment of hepatic encephalopathy (Sharma et al., 2013; Sharma and Sharma, 2013; Ziada et al., 2013). It comprises the monosaccharides lactose and galactose, and is administered as syrup. Doses are generally titrated to achieve two to four semi-soft stools daily, with typical doses of 20 g/30 mL orally three to four times per day. Lactulose significantly improves cognition in patients with early hepatic encephalopathy (Prasad et al., 2007; Luo et al., 2011).

Neuroplasticity can be defined as the ability of the nervous system to respond to intrinsic or extrinsic stimuli by reorganizing its structure, function and connections. The process is essential to normal cognitive function and is widely implicated in disease processes (McEwen, 2006). Neurogenesis in the hippocampal dentate gyrus contributes significantly to central neuroplasticity mechanisms such as long-term potentiation, learning and memory (Massa et al., 2011). Additionally, astrocytes have the ability to eliminate ammonia, and play an important role in the pathogenesis of hepatic encephalopathy (Lockwood et al., 1991; Haussinger et al., 2000).

Lactulose is known to improve cognitive impairment; however, few studies have addressed its effect on neuroplasticity. Here, we observed the effect of lactulose treatment on behavior and cognitive function in a rat model of early hepatic encephalopathy, and investigated its effects on neuroplasticity to elucidate the mechanisms underlying its cognition enhancing effects.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Thirty adult male Wistar rats, initially weighing 240.38 ± 1.79 g, were supplied by Peking University Health Science Animal Center (Beijing, China; license No. SCXK (Jing) 2007-0001). The rats were housed in polypropylene cages in a temperature (22 ± 1°C) and humidity (60 ± 10%) controlled environment, under a 12-hour light-dark cycle (lights on at 7:00 a.m.). The animals had free access to food and water throughout the experiments. Animal maintenance and experimental protocols were carried out in accordance with guidelines approved by the Animal Care Committee of the Peking Union Medical College and Chinese Academy of Medical Sciences in China.

Animal grouping and early hepatic encephalopathy model establishment {#sec2-2}
--------------------------------------------------------------------

The rats were randomly divided into three groups: control, model and lactulose (*n* = 10 rats per group). To induce hepatic encephalopathy, rats in the model and lactulose groups received a mixture of carbon tetrachloride (CCl~4~) and olive oil (1:1 v/v; National Pharmaceutical Group Chemical Reagent Co., Ltd., Beijing, China) at a dose of 1 mL/kg by gavage, in the morning, twice a week (Mondays and Thursdays) for 12 weeks (Tsai et al., 2009). Control animals received normal saline. Animals in the lactulose group also received intragastric lactulose (Solvay Pharmaceutical Co., Ltd., Brussels, Belgium), 6 g/kg, in the afternoon, five times a week (Monday to Friday) for 12 weeks (Ferenci et al., 2002).

Morris water maze {#sec2-3}
-----------------

Hepatic encephalopathy rats were evaluated for spatial learning and memory capabilities using a Morris water maze as described previously (Ji et al., 2009; Liu et al., 2012). Two training trials a day were conducted on 3 consecutive days during the 8^th^ week. The experimental apparatus consisted of a cylindrical water tank (145 cm diameter, 60 cm high) filled with water maintained at 21 ± 1°C. The water was made opaque with black ink. A platform (10 cm in diameter) was submerged 2 cm below the water surface and placed at the midpoint of one quadrant. Room lights illuminated the pool, and visual cues around the room (window, cabinets, furniture) were kept consistent. A video camera was placed above the center of the pool and connected to a video tracking system. During each training session, the rats were placed in the pool at a specified starting position and allowed to swim freely until they found the platform. The time required to escape (escape latency) was recorded. Rats that found the platform within 120 seconds were allowed to remain on it for 20 seconds and were then returned to the home cage. If a rat did not reach the platform within 120 seconds, it was gently guided there by the experimenter, and allowed to stay on it for 20 seconds. The test was performed again at 12 weeks to assess spatial cognitive function.

5-Bromo-2′-deoxyuridine (BrdU) injection {#sec2-4}
----------------------------------------

After completion of the Morris water maze test, neurogenesis was studied in the granular cell layer of the dentate gyrus. BrdU (Sigma, St. Louis, MO, USA) was dissolved in 0.9% NaCl at 20 mg/mL. Four rats in each group each received three intraperitoneal injections of BrdU (50 mg/kg) at 12 hour intervals (total dose of 2.5 mL/kg) and were sacrificed 24 hours after the last injection (Stefovska et al., 2008). The brains were prepared for immunohistochemical staining with BrdU, described below.

Tissue processing and blood sampling {#sec2-5}
------------------------------------

Body weight was monitored weekly. After completion of the behavioral tests, six rats in each group were decapitated and blood samples were collected for analysis of serum levels of ammonia, and activities of alanine aminotransferase and aspartate aminotransferase. Brains were immediately removed and washed in ice-cold isotonic saline. The remaining rats were anesthetized with an overdose of sodium pentobarbital and perfused transcardially with 0.1 M PBS followed by 4% paraformaldehyde (pH 7.4). The brains were removed and postfixed in 4% paraformaldehyde at 4°C, and cryoprotected in a graded sucrose series (15%, 20% and 30% sucrose in 0.1 M PBS) at 4°C. Coronal sections (35 μm thick) were cut using a cryostat.

Liver tissues were taken from the left lobe of the liver of each rat, fixed in 15% buffered paraformaldehyde, and dehydrated through a graded alcohol series. Specimens were embedded in paraffin blocks, cut into 5 μm thick sections and placed on glass slides, before staining with hematoxylin-eosin to assess liver damage (Yang et al., 2010). Fibrosis was graded (Scheuer, 1991) by a pathologist blinded to experimental grouping.

Serum levels of ammonia, and alanine aminotransferase and aspartate aminotransferase activities, were measured using commercially available kits (Jiancheng Biotechnology Institute, Nanjing, Jiangsu Province, China) according to the manufacturer\'s instructions.

Brain immunohistochemistry {#sec2-6}
--------------------------

For BrdU immunohistochemistry, free-floating brain sections (35 μm thick) were incubated overnight at 4°C in primary antibody solution containing mouse monoclonal anti-BrdU antibody (1:100; Chemicon, Temecula, CA, USA). Sections were then washed in PBS and incubated in secondary antibody solution containing biotinylated goat polyclonal anti-mouse antibody I (SP immunohistochemical staining kit, Beijing Zhongshan Biotechnology Co., Ltd., Beijing, China) for 30 minutes at room temperature, washed as before, and incubated in horseradish peroxidase-streptavidin solution for 30 minutes at room temperature. Immunoreactivity was visualized using 0.2% 3,3′-diaminobenzidine (Sigma) in PBS containing 0.025% hydrogen peroxide for approximately 5 minutes, and washed in PBS. The sections were mounted and dried (Ngwenya et al., 2005), and viewed under an optical microscope (Olympus, Tokyo, Japan, 400× magnification). BrdU-labeled cells in the subgranular zone were counted in every 10^th^ section, and multiplied by 10 to estimate the total number of BrdU-labeled cells.

For immunohistochemistry of neuronal nuclei (NeuN) and glial fibrillary acidic protein (GFAP), free-floating brain sections (35 μm thick) were incubated overnight at 4°C in primary antibody solution containing mouse monoclonal anti-NeuN (1:50; Chemicon) or rabbit anti-GFAP (1:50; Beijing Zhongshan Biotechnology Co., Ltd.). Sections were washed in PBS, then incubated in secondary antibody solution containing biotinylated goat anti-mouse or anti-rabbit antibody I (SP immunohistochemical staining kit, Beijing Zhongshan Biotechnology Co., Ltd.) for 30 minutes at room temperature. The sections were washed again and incubated in horseradish peroxidase-streptavidin solution for 30 minutes at room temperature, before visualization with 0.2% 3,3′-diaminobenzidine (Sigma) in PBS containing 0.025% hydrogen peroxide for approximately 5 minutes. The sections were washed in PBS, mounted on slides, dried, dehydrated through a graded alcohol series, cleared with xylene, and coverslipped using Permount (Fisher Scientific, Pittsburgh, PA, USA).

For NeuN immunostaining, the number of immunoreactive cells in the hippocampal CA1 pyramidal cell layer were evaluated under a light microscope at a magnification of 400 × with the investigator blinded to the experimental grouping. Every 10^th^ section was quantified and the immunopositive neurons were expressed as the mean number of cells per mm^2^. For GFAP immunostaining of the CA1, the number of immunoreactive cells of the stratum oriens, stratum pyramidale, and stratum radiatum were analyzed as described for NeuN staining (Liu et al., 2011).

Statistical analysis {#sec2-7}
--------------------

Data were expressed as the mean ± SEM and analyzed statistically using one-way analysis of variance with SPSS 13.0 software (SPSS, Chicago, IL, USA). After testing for homogeneity of variances, Tukey\'s multiple comparisons method was performed to identify differences between experimental groups. Statistical significance was set at *P* \< 0.05.

Results {#sec1-3}
=======

Quantitative analysis of experimental animals {#sec2-8}
---------------------------------------------

Thirty rats were randomly assigned to the control, model and lactulose groups (*n* = 10 per group). No infections were observed during the experimental period, but two rats in the model group died from serious liver damage during the 7^th^ week. Their data were excluded from the final statistical analysis.

Effect of lactulose treatment on neuroplasticity in rats with CCl~4~-induced hepatic encephalopathy {#sec2-9}
---------------------------------------------------------------------------------------------------

Neurogenesis was examined by quantifying BrdU-immunoreactive cells in the dentate gyrus ([**Figure 1A**](#F1){ref-type="fig"}, [**D**](#F1){ref-type="fig"}). NeuN and GFAP immunoreactivity was used to identify functional neurons in the CA1 ([**Figure 1B**](#F1){ref-type="fig"}, [**D**](#F1){ref-type="fig"}) and astrocytes in the dentate gyrus ([**Figure 1C**](#F1){ref-type="fig"}, [**D**](#F1){ref-type="fig"}), respectively.

![Effects of lactulose administration on neurogenesis and on numbers of neurons and astrocytes in the hippocampus of rats with hepatic encephalopathy (imunohistochemical staining).\
(A) Number of BrdU-immunoreactive cells per section. (B) Density of NeuN-immunoreactive cells/mm^2^. (C) Density of GFAP-immunoreactive cells/mm^2^. (D) Representative immunomicrographs of BrdU-(dentate gyrus), NeuN-(CA1) and GFAP-(dentate gyrus) positive cells (arrows). Data are expressed as the mean ± SEM (*n* = 4 rats per group). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. model group (one-way analysis of variance followed by Tukey\'s *post hoc* test). BrdU: 5-Bromo-2′-deoxyuridine; NeuN: neuronal nuclei; GFAP: glial fibrillary acidic protein.](NRR-10-1457-g001){#F1}

There were significantly fewer BrdU-, NeuN- and GFAP- immunoreactive cells in the model group than in the control group (*P* \< 0.01), and significantly more of all three cell types in the lactulose group compared with the model group (*P* \< 0.01). This suggests that lactulose reversed hepatic encephalopathy-induced cellular alterations.

Effect of lactulose treatment on liver histology in rats with CCl~4~-induced hepatic encephalopathy {#sec2-10}
---------------------------------------------------------------------------------------------------

In the model group, fibrous tissue substituted most of the portal areas in the liver, and some portal areas were connected to central veins. Moreover, hepatocyte clusters were completely surrounded by fibrous tissue, producing cirrhotic nodules. Livers from lactulose-treated animals had less severe pathology than model animals, indicating that lactulose ameliorated the liver damage induced by CCl~4~ ([**Figure 2**](#F2){ref-type="fig"}).

![Effect of lactulose treatment on liver histology in rats with hepatic encephalopathy.\
Liver sections were stained with hematoxylin and eosin (*n* = 4--5 rats per group). Severe hepatic cirrhosis was observed in the model group, whereas none was seen in the control group. Lactulose-treated model rats showed less cirrhosis than model rats.](NRR-10-1457-g002){#F2}

Effect of lactulose treatment on spatial cognitive function in rats with CCl~4~-induced hepatic encephalopathy {#sec2-11}
--------------------------------------------------------------------------------------------------------------

The Morris water maze test is widely used to measure cognitive deficits in rodent models of neurological disorders. Model rats took notably longer than control rats to find the hidden platform (*P* \< 0.01), indicating that spatial reference memory was impaired in rats with CCl~4~-induced hepatic encephalopathy. Rats that received lactulose had significantly shorter escape latencies than model rats (*P* \< 0.01), suggesting that lactulose alleviated the spatial memory deficits induced by CCl~4~ ([**Figure 3**](#F3){ref-type="fig"}).

![Effects of lactulose treatment on escape latency of rats with hepatic encephalopathy in the Morris water maze 12 weeks after receiving carbon tetrachloride.\
Data are expressed as the mean ± SEM (*n* = 10 per group). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. model group (one-way analysis of variance followed by Tukey\'s *post hoc* test).](NRR-10-1457-g003){#F3}

Effect of lactulose treatment on body weight of rats with CCl~4~-induced hepatic encephalopathy {#sec2-12}
-----------------------------------------------------------------------------------------------

Weight loss and cachexia are commonly observed in patients with hepatic encephalopathy (Lockwood et al., 1986). Ammonia stimulation of the hypothalamic satiety centers may suppress appetite, leading to cachexia. We therefore monitored body weight throughout the experimental period ([**Figure 4**](#F4){ref-type="fig"}). By 3 weeks, the model rats had notably lower body weights than controls (*P* \< 0.01), and lactulose-treated animals weighed significantly more than rats in the model group (*P* \< 0.01).

![Effects of lactulose treatment on body weight of rats with hepatic encephalopathy.\
Data are expressed as the mean ± SEM (*n* = 8--10 rats per group). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. model group (one-way analysis of variance followed by Tukey\'s *post hoc* test).](NRR-10-1457-g004){#F4}

Effect of lactulose treatment on the serological parameters of rats with CCl~4~-induced hepatic encephalopathy {#sec2-13}
--------------------------------------------------------------------------------------------------------------

To investigate the protective effects of lactulose on liver function, we measured serum ammonia level, and alanine aminotransferase and aspartate aminotransferase activities. All three parameters were significantly elevated in the model group (*P* \< 0.01), indicative of severe liver damage. However, rats in the lactulose group had lower serum ammonia (*P* \< 0.01) ([**Figure 5A**](#F5){ref-type="fig"}), alanine aminotransferase activity (*P* \< 0.05) and aspartate aminotransferase activity (*P* \< 0.01) than the model rats ([**Figure 5B**](#F5){ref-type="fig"}).

![Effects of lactulose treatment on serological parameters in rats with carbon tetrachloride-induced hepatic encephalopathy.\
(A) Serum ammonia (Amm) level; (B) alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities. Data are expressed as the mean ± SEM (*n* = 5--6 rats per group). \*\**P* \< 0.01, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. model group (one-way analysis of variance followed by Tukey\'s *post hoc* test).](NRR-10-1457-g005){#F5}

Discussion {#sec1-4}
==========

Most patients with cirrhosis will develop early hepatic encephalopathy, which severely affects cognitive ability, day-to-day functioning, and quality of life. The condition is always related to increased mortality and places great demands on the healthcare system. The pathophysiology of the disorder remains poorly understood, meaning that treatment choices are limited. Ammonia is known to have a central role in the development of hepatic encephalopathy, so non-absorbable disaccharides, such as lactulose and lactitol, are the most commonly used pharmacological treatments.

Various experimental approaches, such as the Morris water maze in rodent hepatic encephalopathy models, have been adopted to investigate the neurocognitive effects of hepatic encephalopathy (Ortiz et al., 2006; Mendez et al., 2008). In the present study, hepatic encephalopathy model rats took significantly longer time to find the hidden platform than control rats. Lactulose treatment improved this deficit in cognitive function, consistent with results obtained from clinical trials of lactulose in patients with early hepatic encephalopathy (Prasad et al., 2007; Luo et al., 2011).

Neuroplasticity plays a significant role in cognitive function. Exploring changes in neuroplasticity can enhance our understanding of disease pathogenesis and improve treatment strategies. One component of neuroplasticity is neurogenesis. Adult neurogenesis predominantly occurs in two restricted regions: the subgranular zone of the dentate gyrus, and the subventricular zone (Cheung et al., 2007; Molnar, 2011). Newborn cells in the subgranular zone differentiate into neuronal cells and establish synaptic connections with neighboring cells (Zhao et al., 2008). Adult hippocampal neurogenesis plays a critical role in synaptic plasticity processes such as long-term potentiation and learning and memory (Massa et al., 2011). To date, there have been few studies investigating the effect of hepatic encephalopathy on neurogenesis. In the present study, we used BrdU staining to assess the effect of lactulose on hippocampal neurogenesis. BrdU is a thymidine analog that becomes incorporated into the DNA of dividing cells during the S-phase of the cell cycle, and as such is widely used to measure cell proliferation and neurogenesis in the adult mammalian brain, including in humans (Taupin, 2007). Our results suggest that lactulose increases the number of new neurons in the hippocampal dentate gyrus. It should be noted that BrdU was injected 24 hours before animals being sacrificed in present study, because we intended to assess the proliferation of neural stem cells. In future study, the differentiation of neural stem cells should be taken into consideration by using double-label technique for BrdU and GFAP/NeuN.

Chastre et al. (2010) found that ammonia and pro-inflammatory mediators reduced GFAP expression. Previous studies revealed that GFAP mRNA and protein expression were significantly reduced in animal models of acute liver failure (Belanger et al., 2002) and in cultured astrocytes exposed to ammonia (Norenberg et al., 1990), confirming the important role of astrocytes in the pathogenesis of hepatic encephalopathy and consequences for neuronal function. Astrocytes eliminate ammonia by converting glutamate to glutamine by amidation, catalyzed by glutamine synthetase (Lockwood et al., 1991; Haussinger et al., 2000). In the present study, lactulose elevated the number of GFAP-immunoreactive cells, which may mediate its neuroprotective effect.

Mounting evidence suggests that lactulose is neuroprotective. Chen et al. (2012) proposed that bacterial fermentation in the gastrointestinal tract can produce considerable amounts of hydrogen from lactulose, which was used to explain the protective effect of lactulose for ischemic stroke. Our data supports this hypothesis, strongly suggesting that lactulose treatment improves neuroplasticity by enhancing neurogenesis and increasing the number of astrocytes and neurons, effectively restoring learning ability in rat models of hepatic encephalopathy.
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